In functional neuroimaging, a local decrease in blood flow during an active task, relative to a ''resting'' baseline, is referred to as taskinduced deactivation (TID). TID may occur when resources shift from ongoing, internally generated processing typical of ''resting'' states to processing required by an exogenous task. We previously found specific brain regions in which TID increased as task processing demands increased. When engaged in an exogenous cognitive task, reallocation of resources from areas involved in internal processing should result in suspension of that processing. Self-reported thought content has been used as an indicator of the extent of internal processing activity. We investigated the relationship between TID and task-unrelated thought (TUT) frequency using an auditory target detection task with seven levels of task difficulty. At varied intervals during task performance, subjects indicated whether they were experiencing a TUT. We expected TUT frequency to decrease as task demands increased and for this pattern to correlate with TID magnitude across conditions. Generally, fewer TUTs were reported during difficult task conditions than during easier conditions. As TID magnitude increased across task conditions, the frequency of TUTs declined (r = 0.90, P = 0.005). Four left hemisphere regions (posterior parieto-occipital cortex, anterior cingulate gyrus, fusiform gyrus, and middle frontal gyrus) showed strong relationships between TUTs and TID (r > 0.79, P < 0.05 corrected). As these regions have been implicated in semantic processing and selfreferential thought, the findings support the suspension of internal cognitive processing as one mechanism for TID. D
Introduction
Researchers studying brain function generally assume that presentation of a stimulus or task will induce increased neural activity in the brain relative to a resting state. Investigators using functional neuroimaging techniques to study human cognition have been surprised to find that many tasks also produce relative decreases in blood flow or blood-oxygenation indexes of neural activity, a phenomenon referred to as ''task-induced deactivation'' (TID). Several studies (Binder et al., 1999; Mazoyer et al., 2001; McKiernan et al., 2003; Shulman et al., 1997) demonstrated that TID occurs consistently in specific brain regions, including posterior cingulate cortex, dorsomedial prefrontal cortex, rostral anterior cingulate gyrus, orbitofrontal cortex, and angular gyrus. The mechanisms underlying these deactivations, however, are not fully understood.
Some researchers (Binder et al., 1999; Mazoyer et al., 2001; McKiernan et al., 2003; Raichle et al., 2001; Shulman et al., 1997) have speculated that the ''resting'' condition is actually a state of organized cognitive activity involving many processes, including monitoring of the external environment, monitoring of body image and state, and processing emotions. Also included in the list of possible resting activities is the ongoing internal ''thought'' processing that humans experience during resting consciousness, sometimes referred to as ''stream of consciousness'' (James, 1890) . Since these ''thought'' processes are generally self-initiated and self-referential and not related to specific exogenous task demands, we use the term ''task-unrelated thoughts'' (TUTs) to describe them (Giambra, 1989; Shaw and Giambra, 1993; Singer, 1988) . This term is comparable to others such as ''stimulus independent thoughts'' (SITs) (Antrobus, 1968; Teasdale et al., 1993 Teasdale et al., , 1995 and ''free association'' (Andreasen and O'Leary, 1995) .
Based on our previous findings and the work of others (Binder et al., 1999; Mazoyer et al., 2001; McKiernan et al., 2003; Shulman et al., 1997) , we suggested a mechanism of reallocation of brain processing resources to account for some instances of TID (McKiernan et al., 2003) . This model proposes that internally generated cognitive activities (such as TUTs) are suspended due to reduced availability of resources when attention shifts from ongoing, internal processes to performance of an exogenous task. In support of this hypothesis, we observed a correlation between task difficulty and the magnitude of TID in many brain regions (McKiernan et al., 2003) . TID in these areas may thus stem from the attenuation of internally generated processes when attentional resources are required for performance of an effortful exogenous task. From this perspective, processing demands of the exogenous task should also influence the propensity for TUTs, in that more demanding exogenous tasks leave fewer resources available for ''stream of consciousness'' processing.
TUTs may be experienced as self-generated thoughts or daydreams, often with verbal or visual content (McGuire et al., 1996) . The content of TUTs can include all of the ''monitoring'' activities listed above as well as problem solving, planning, and retrieval of memories. TUTs have biological significance in that these activities all serve to enhance the potential for survival and can make the individual more efficient and effective in managing their environment and their actions. Research indicates that thought processes of this nature are salient features of the resting state (Antrobus, 1968; Antrobus et al., 1966; Giambra, 1989 Giambra, , 1995 James, 1890; McGuire et al., 1996; Pope and Singer, 1976; Posner and Rothbart, 1998; Singer, 1988; Teasdale et al., 1993 Teasdale et al., , 1995 . Selfreported thought content has been used as an indicator of the extent of internal processing activity (Antrobus, 1968; Antrobus et al., 1966; Giambra, 1989; McGuire et al., 1996; Pope and Singer, 1976; Shaw and Giambra, 1993; Singer, 1988; Teasdale et al., 1995) . Early studies (Antrobus, 1968; Antrobus et al., 1966) described the effects of external task load on TUT frequency, noting that as more external information is presented, TUT frequency declines. Another study linked TUT frequency with processing resource availability by manipulating practice effects. Significantly more TUTs were reported when subjects had previously practiced motor or memory tasks than when practice was not completed (Teasdale et al., 1995) . The theory of TID proposed above, as well as the results from these studies, suggests that TUT processing is interrupted by the presence of new information that requires priority processing. Thus, TUT processing is attention dependent and interruptible. It is also moderated by task difficulty, which determines the amount of processing resources required to be reallocated to the external task.
In a simulated scanning environment, we used a standardized query procedure to elicit thought content (TUT frequency) during the same auditory target detection task used in our previous experiment (McKiernan et al., 2003) . As before, task difficulty was parametrically manipulated within each of three factors. These factors -stimulus presentation rate, target discriminability, and short-term memory load -were selected based on evidence that their manipulation influences task processing demands (Antrobus, 1968; Antrobus et al., 1966; Teasdale et al., 1993 Teasdale et al., , 1995 . We predicted a higher frequency of TUTs during rest than during any task condition. As task difficulty increased within each factor, we expected a decreased BOLD signal in TID regions and fewer TUTs. Additionally, TUT frequency was expected to correlate with the degree of TID, with the strongest correlations in brain regions associated with problem solving, planning, knowledge retrieval, and self-referential thought processing. Our goal is to link our previously established changes in TID in response to task difficulty manipulation with self-reported reductions in ''stream of consciousness'' processing.
Materials and methods

Subjects
Thirty neurologically healthy subjects (19 women and 11 men), ranging in age from 18 to 49 years (M = 27.7, SD = 7.2), participated in the study. All were right-handed as defined by a laterality quotient >50 on the Edinburgh Handedness Inventory (Oldfield, 1971) . fMRI data from 50% of the subjects in this study were included in our first study describing TID magnitude as a function of task difficulty (McKiernan et al., 2003) ; the fMRI data from the other 15 subjects are reported here for the first time, as are the TUT data from all 30 subjects. Thus, the data presented here are substantially different than the data from our first study. Subjects received an hourly stipend for participating. The Medical College of Wisconsin Human Research Review Committee approved this study.
Cognitive task
Subjects performed an auditory target detection task, in which they pressed a button with their right index finger to identify target sounds (or target sound trains in short-term memory (STM) conditions). Stimuli were presented and data recorded using EPRIME software (EPRIME).
Each subject performed the auditory detection task on two different occasions: first during fMRI scanning (as previously described in McKiernan et al., 2003) for collection of TID data and then in a mock scanning environment for collection of TUT data. Subjects returned for the second session (mock scanning) 11 -353 days (median = 78 days) after completing the first session. A complete description of task parameters and response requirements was reported previously (McKiernan et al., 2003) . See Table 1 for a summary of the experimental parameters.
In the fMRI session, blocks of the task alternated with rest blocks every 24 s. Subjects completed two scanning runs of each of the seven task conditions. At the mock scanner for the TUT session, the target detection task was modified to include semi-randomly placed ''TUT probes'' (average interval between probes = 20 s, range = 16 -24 s) to elicit current thought content. For each probe, the ''scanner'' noise (recorded from the 1.5T scanner) and the task (if during a task block) stopped to cue the subject to use their left middle or index finger to respond YES or NO to the question, ''Was I having a task-unrelated thought?'' Previous studies showed that the simple occurrence of a TUT is defined more reliably than its duration or intensity (Antrobus, 1968; Antrobus et al., 1966) ; thus, we employed a previously validated, simple decision procedure to probe thought content at a specific moment in time (Teasdale et al., 1993 (Teasdale et al., , 1995 . We adapted this procedure to require only a binary decision (Yes or No) rather than a full verbal report of the thought content. A response from the subject prompted the recorded scanner noise and task to resume. Subjects completed two runs of each of the seven task conditions. In total, subjects responded to 28 probes for each task condition. They also responded to a total of 56 probes during rest blocks (8 during each of the 7 conditions).
Prior to collecting data, subjects were briefed on what constituted task-unrelated and task-related thoughts. A task-related thought was defined as any thought that was related to task completion; a TUT was defined as any other (non-task related) thought (e.g., what the subject did earlier that day, things they needed to do on the way home, were they feeling hungry, etc.). Each subject completed a short practice session before the testing began. Appendix A contains specific information regarding the instructions given to subjects.
Stimuli
As previously described (McKiernan et al., 2003) , the nontarget stimulus was a 200 ms complex auditory tone. The target stimulus was constructed by modulating, over time, all frequencies in the non-target stimulus using a linear ramp function with an excursion equal to 40% of an octave. For the experimental conditions in which target discriminability was manipulated (moderate discriminability and difficult discriminability), two additional target stimuli were constructed with frequency excursions equal to 28% and 16% of an octave, respectively. fMRI parameters fMRI data for this study were collected at the Medical College of Wisconsin on a 1.5-T GE Signa scanner using a 3-axis local gradient coil. Data were collected via a multislice gradient echo EPI protocol with TR = 3 s and TE = 40 ms. Voxel size was 3.75 Â 3.75 Â 6 mm. Twenty-one or twenty-three contiguous sagittal slices covering the whole brain were acquired. Ninety-six volumes were acquired during each task condition and each related rest condition.
Mock scanner
TUT data were collected at the Medical College of Wisconsin in a mock scanner environment. The mock scanner is a plywood replica of the actual scanner, including ''head coil'', with an audio system to allow playback of scannerproduced sounds. Subjects were positioned in the mock scanner such that their subjective experience of the environment and the task was similar to the 1.5-T scanner.
Data analysis Behavioral data
Accuracy and time-on-task during fMRI, accuracy and timeon-task during the TUT study, and TUT responses were recorded. Accuracy data are presented as a percentage of the number of correct responses minus the number of false alarms, divided by the number of targets. Reaction time data were used to calculate the percentage of the trial duration used by the subject (time-ontask). This value was computed by adding stimulus duration (200 ms) to mean reaction time (for correct responses only) and dividing by the length (ms) of the trial. This ratio allows us to assess the average percentage of total trial time spent on-task across a wide range of presentation and response rates. Since only correct responses are included in the analysis, we assume that the subject was on-task for the 200 ms stimulus presentation; thus, the ratio described above is valid for any condition of single stimulus presentation. Unlike the other conditions, however, the two more difficult levels of the short-term memory factor employed trains of stimuli. During the presentation of a sound train, there were two to four inter-stimulus intervals of 400 ms, and there is no specific measure of whether or not the subject was on-task during these periods. Thus, the time-on-task ratio cannot be calculated for these conditions and will therefore not be presented.
TUT frequency represents the number of positive probe responses divided by the number of valid probes per condition. Due to technical difficulties, there were a few occasions in which the probe response was not properly recorded, these trials were considered invalid.
fMRI data
All image analyses were accomplished using AFNI software (Cox, 1996a) . Subject data were volumetrically registered using an iterative procedure that minimizes variance in voxel intensity differences between images (Cox, 1996b) . The image analyses at both the subject and the group levels follow the same procedures outlined in our previous study (McKiernan et al., 2003) , including resampling the anatomical and functional data into stereotaxic space (Talairach and Tournoux, 1988) . The same anatomical regions of interest (ROIs) derived from the original group of 30 subjects in the previous study were used in the present study (note: 50% of the subjects overlap between studies). Briefly, the ROIs were identified by averaging individual correlation maps (representing correlation of activity with a predicted response vector with correlations then converted to z scores) from all subjects for all task conditions and thresholding the averaged map at an arbitrary value of z = À1 (corresponding to regions that had greater activation during rest than during the task). This procedure produced eleven individual ROIs (in order of decreasing volume): left posterior parieto-occipital (PPO) cortex, which includes parts of the angular gyrus, dorsolateral occipital lobe and cuneus; right PPO cortex; right precuneus/ superior parietal lobule; left precuneus/superior parietal lobule; left anterior cingulate/superior frontal gyrus; left posterior cingulate gyrus; left middle frontal gyrus; left middle occipital gyrus; right posterior cingulate gyrus; right anterior cingulate gyrus; and left fusiform gyrus.
The relative magnitude of deactivation within each ROI was measured using fit coefficients, which are computed by a least squares fit of the ideal response vector to the observed response in each voxel for each condition in each subject. For each task condition, average deactivation values for each ROI were measured in each subject by averaging the fit coefficients for voxels within the ROI (see McKiernan et al., 2003 for a detailed explanation).
Results
Four subjects were removed from the analyses based on inspection of TUT session data: three as outliers because they did not indicate any TUTs during rest and one due to poor performance on the auditory target detection task. Behavioral data from both fMRI and TUT sessions (N = 26) are presented in Table 2 . Paired t tests comparing task performance across sessions revealed no differences in performance except on accuracy in the most difficult discriminability condition, which was higher during the fMRI session. This indicates that the task conditions in the fMRI session were satisfactorily replicated during the TUT session. It also suggests that the addition of the probes to the protocol did not significantly influence cognitive processing during the task conditions (i.e., subjects were not distracted by trying to ''monitor'' what they were thinking about). The rest conditions do not provide behavioral data for comparison; however, we assume that the probes did not significantly disrupt processing in this condition either. In accordance with the previous session, all analyses reported here were evaluated at P < 0.05 with a modified Bonferroni correction (Keppel, 1991) to accommodate multiple comparisons.
There were more TUTs reported during rest (90%) than during task conditions (43%) (t(25) = À13.99, P < 0.001). For two of the three factors, the frequency of TUTs during the task decreased as task difficulty increased (rate: F(2,50) = 14.96, P < 0.001; STM: F(2,50) = 6.41, P = 0.003). There were no differences in TUT frequency across the three levels of task difficulty for the discriminability factor ( F(2,50) = 2.38, P > 0.05). The average frequency of TUTs for each task condition is reported in Table 2 and Fig. 1A . The results of follow-up paired t tests to evaluate the frequency of TUTs between difficulty levels within each factor are presented in Table 3 . On average, across factors and task/rest blocks, subjects took 1555 ms (SD = T346 ms) to respond to a TUT probe. The effectiveness of manipulating task difficulty within each factor was evaluated using repeated measures ANOVAs (one for each ROI) to identify ROIs in which there were differences in the TID magnitude across the three difficulty levels of the task. The results of these analyses replicated the pattern previously reported (McKiernan, et al., 2003) , with three exceptions (note: data from 15 of the subjects overlap between this study and the previous report). First, the previous study reported a total of seven ROIs in which TID varied as a function of task difficulty for at least one of the three factors. This study adds one more region, the left fusiform gyrus ( F(2,58) = 4.08, P = 0.022) in which stimulus presentation rate affected TID. This brought the total number of ROIs to eight: left posterior parieto-occipital (PPO) cortex, which includes parts of the angular gyrus, dorsolateral occipital lobe and cuneus; right precuneus/superior parietal lobule; left anterior cingulate/superior frontal gyrus; left posterior cingulate gyrus; left middle frontal gyrus; right posterior cingulate gyrus; right anterior cingulate gyrus; and left fusiform gyrus. Second, in the left PPO cortex, the task difficulty manipulation no longer produced significant differences in TID across levels of the discriminability factor, but did do so for presentation rate ( F(2,58) = 4.39, P = 0.017). Lastly, in the left posterior cingulate gyrus, manipulating target discriminability produced only a trend toward significance ( F(2,58) = 3.20, P = 0.048) versus a previously significant result. These differences are likely due to the great inter-subject variability in TID magnitude values (see SD values in Table 2) .
TID values measured in the fMRI study in each of the eight ROIs were averaged over all 26 subjects for each of the seven task conditions. Repeated measures ANOVAs for each of the three factors indicated that the magnitude of deactivation increased (became more negative) as task difficulty increased (rate: F(2,58) = 4.93, P = 0.011; discriminability: F(2,58) = 4.46, P = 0.016; STM: F(2,58) = 6.97, P = 0.002). Mean TID values for each task condition, averaged over all subjects and all ROIs, are reported in Table 2 and Fig. 1B . The results of follow-up paired t tests to evaluate the magnitude of TID changes between difficulty levels within each factor are presented in Table 3 . To assess the relationship between the frequency of TUTs and magnitude of TID, the average TUT frequency for each task condition was correlated with the average TID value. This correlation was significant (r = 0.90, P = 0.005) (see Fig. 1 ). To determine the specific ROIs in which TID magnitude was correlated with TUT frequency as task demands changed, TUT frequency for each task condition was correlated with the average TID for each condition on an ROI by ROI basis. TUT frequency and TID were correlated in four of the ROIs: left posterior parietooccipital cortex (r = 0.93, P = 0.002), left fusiform gyrus (r = 0.90, P = 0.006), left anterior cingulate gyrus (r = 0.82, P = 0.023), and left middle frontal gyrus (r = 0.79, P = 0.037) (Fig. 2) . Correlation between TUTs and TID approached significance in the right posterior cingulate gyrus (r = 0.76, P = 0.049) and right posterior parieto-occipital cortex (r = 0.75, P = 0.051).
Discussion
As the auditory target detection task increased in difficulty (i.e., increased in processing demands), eight brain regions showed a correlated decline in fMRI BOLD signal (i.e., more negative TID values) relative to the resting state. Performance on the target detection task was equivalent during the fMRI and subsequent TUT session. TUT frequency also declined as the processing demands of the auditory task increased. In four of the eight brain regions of interest, decreases in fMRI BOLD signal correlated with decreases in the number of TUTs reported during task blocks. These findings support the hypothesis that reallocation of task processing resources may be a mechanism by which TID occurs in these brain regions. Withdrawal of processing resources from areas engaged by ''stream of consciousness'' processing should result in attenuation of both the brain activity in those areas as well as the cognitive processes they subserve. In accordance with our earlier work, we interpret these results to suggest that these four brain regions are actively engaged in organized cognitive processing during resting conditions, and this processing is interrupted (as measured by increased TID and reduced frequency of TUTs) in the presence of an exogenous task.
The manipulation of task difficulty within the discriminability factor did not significantly affect TUT frequency, although it did impact TID. The variability in subjects' TUT responses was fairly large. Given the highly subjective nature of the TUT decision, this variability is not surprising but may have influenced the potential for detecting differences across task conditions. *P < 0.05, **P < 0.01, ***P < 0.001 (corrected). The correlation analyses were conducted at the group level because the measures contain inherently high levels of variability at the subject level. As seen in Table 2 , the variability in each TID and TUT measure is fairly large, thus reducing the sensitivity of the analysis at the individual level. A follow-up study used a less subjective method of measuring resources available for ongoing thought processing, and these data will be assessed at the individual level.
These findings fit well with a previous study (Binder et al., 1999) , in which many of the brain areas showing TID (left posterior parieto-occipital cortex, left dorsal prefrontal cortex, left fusiform gyrus) were also shown to be activated during a semantic task relative to a phonological control task, supporting claims that TID in these regions may be due to suspension of spontaneous semantic processes that occur during ''rest''. Semantic processes rely on storage and retrieval of knowledge about concepts. Defined in this way, semantic processes are integral to problem solving, planning, thoughts, and visual imagery-all of which are salient examples of phenomena experienced in the ''stream of consciousness''.
Although it is possible that task difficulty affects TID and TUTs via separate mechanisms thus allowing these phenomena to co-occur in some regions, but not in others, the connection between TID and TUTs occurring in the same brain regions and possibly via a single mechanism has precedents. The prefrontal/frontal regions that were found to deactivate in a pattern correlated with TUT suppression are similar to those found in a PET study investigating the relationship of regional cerebral blood flow and TUTs during articulation and reading tasks (McGuire et al., 1996) . TUT frequency was positively correlated with rCBF in left dorsal prefrontal and rostral anterior cingulate cortex. These areas (peak activations reported in anterior cingulate cortex (BA 32) and middle and superior frontal gyri (BA 8)) showed the same positive relationship as in the current study. The authors hypothesized that these areas are involved in self-initiated thoughts. Another study reported increases in the dorsal medial prefrontal cortex to visual stimuli when making a self-referential judgment. The authors suggested that increased activity from baseline in the dorsal medial prefrontal cortex is associated with self-referential mental processes. Some of the region they define as dorsal medial prefrontal cortex overlaps with the anterior cingulate ROI in this study.
These findings also complement recent default mode network findings by . The default mode network in the brain encompasses the brain regions that show TID; this network is thought to represent on-going, organized cognitive processing that occurs when the brain is not actively involved in another task. In fact, TID magnitude can be thought of as the manifestation of the activity level of the resting state or default mode network: when the network turns off, we see TID, and when it is active, we do not observe TID. Previous work by Greicius and colleagues has reported on default mode activity in this network (Greicius et al., 2003 . From this default mode perspective, Greicius has shown that the default mode is still active at some level during easy or passive viewing tasks . Our results support this finding in several ways. First, we do not see maximal deactivation (TID) in the easy task conditions, which supports the idea that there is some default mode processing still active. Second, our TUT results show that when the task is easy (i.e., low cognitive load), there are many TUTs reported. This also supports their hypothesis that the brain is able to engage in alternative processing even while performing an easy task. Our findings begin to connect the changing levels of activity in the brain's ongoing cognitive processing (i.e., stream of consciousness processing) with the goal of that processing (task related or not).
Conclusion
These results add to a growing understanding of the nature of task-induced deactivations commonly observed in functional neuroimaging studies. They suggest a link between the suspension of activity in specific brain regions and the attenuation of subjectively experienced thoughts, further supporting the suggestion that TID in these regions represents interruption of ongoing, cognitive processes present during resting states. you need to answer whenever the scanner noise stops is, ''Was I having a Task-Unrelated thought?'' Let's define what I mean by task-related and task-unrelated thoughts.
A task-related thought is any thought that is focused solely on the performance of the task. For example, at the time that the scanner noise stops, you may be thinking, ''that was a target'' or even just ''yes''. You may have been thinking, ''not a target'' or ''that cluster had 3 targets'', and these are both examples of task-related thoughts.
During this session, it is very possible that thoughts or images which are not related to the target detection task that you are performing may enter your mind. A task-unrelated thought is any thought that isn't specifically about your immediate task performance. For example, you may think of something you did last night, a friend or family member, or some event that has happened or will be happening in the future. You may think of things you need to do on your way home or something you need to make plans for. This also includes thoughts about when the scanner noise will stop, how much longer the task will last, and even thinking about whether you are thinking about a task-related or task-unrelated thought. Other examples are thoughts and images about things that have nothing to do with the task, such as whether you are hungry or tired, etc.
Please respond quickly and be as accurate as possible. We expect task-unrelated thoughts to occur, so it is perfectly acceptable to give that response.
We'll run through a practice session to be sure you feel comfortable with making this decision.
Here are the instructions for today's session: Today you will be performing the same target detection task that you performed during the last session. This time, the task and scanner noise will stop at random intervals and you will be asked to decide immediately what you were thinking about at the moment the scanner noise stopped. If you answer the question ''Was I having a task-unrelated thought?'' with YES, then you will press the YES button. If the answer is NO, then you will press the NO button. You will use your right index finger to respond to targets. After you indicate the type of thought you were having, the task will start up again. Sometimes there will be a rest period in which you will hear the scanner noise, but there will be no task. During the rest period the scanner noise will stop after a random interval and you will make the same decision about whether your thought at that moment was task-related or task-unrelated. Like the last time, we will do 2 runs for each of the conditions.
